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SUMMARY

This document summarizes the work accomplished during a one-year
study and hardware development effort by Honeywell Inc. Systems and
Research Center on NASA Contract NAS4-1211, "High Total Temperature
Sensing Probe for the X-15 Hypersonic Aircraft.'

The ability of fluidic devices to sense and to control has brought to light
many new applications for this broad new technology. This work applies the
fluid oscillator concept to the development of a probe for measuring free-

stream total temperatufes on hypersonic aircraft of the X-15 class.

The probe generates an oscillating pressure signal in the form of a sonic
pressure wave which is propagated and reflected within the device to cause an
oscillation of the incoming fluid. The sensor oscillation frequency is depen-
dent on the acoustical velocity of the wave within the fluid, and thus a function

of the fluid temperature in the probe cavity.

The probe utilizes a cooled sensor concept in which the probe body tem-
perature is maintained below the material melting point with nitrogen gas
coolant. The free-stream total temperature is arrived at through measure-
ments of the oscillation frequency, body temperature and local pitot pressure.
The frequency is measured with two conventional pressure transducers ar-
ranged to operate in push-pull, with either transducer capable of independent

operation should the other fail,

The time response of the instrument is dependent upon the purging time

of the fluid within the sensor cavities which is about 10 milliseconds.

This fluid temperature measurement concept depends upon the dynamic
flow of a gas and therefore requires that a differential pressure be developed
across the sensor. This differential pressure is created by exhausting the

sensor operating gas into the low-pressure base region of the probe.



The purpose of the study was to develop the cooled fluidic oscillator
temperature sensor concept into working hardware of a size and design which

would be compatible with méunting and operation on the X-15 aircraft.

Prior to contract initiation the fluidic temperature sensing method has
been applied to the development of a probe for measuring high stagnation
temperatures in high Mach fluid streams within NASA-Ames hypersonic wind
tunnels, In October 1967, a miniature wind tunnel probe flew on the X-15
aircraft and successfully measured free-stream total temperatures ranging
to 3350°R. Interest grew in utilizing this type of temperature measurement
in the development of a probe designed specifically for X-15-type aircraft.

The probes and associated electronic readout equipment developed on
Contract NAS4-1211 were designed to meet the rigid environmental conditions
encountered by high-performance aircraft of the X-15 type. The probe is
capable of measuring free-stream total temperatures ranging from 500°R to
5000°R at total pressures of 0,5 psia to 30 psia with repeatability within +2
percent of reading.

SYMBOLS
A Sensor internal wetted area
¢ Coolant flow rate
Cp Specific heat at constant pressure
CpB Base pressure coefficient
Oscillation frequency
h Heat transfer coefficient



Constant

Thermal conductivity
Characteristic length
Gas molecular weight
Mach number

Sensor gas flow rate
Frequency exponent
Nusselt number

Total pressure
Prandtl number
Dynamic pressure
Gas constant
Universal gas constant
Reynolds number
Temperature

Ratio of specific heats

Oscillator path length



SUBSCRIPTS

A Air

b Body

B Base of sensor
c Cavﬁy

i Inlet

® Free-stream

GENERAL FLUID TECHNOLOGY

Because this work presents a new method of temperature sensing through
the use of fluid techniques, we will digress momentarily to some basic fluid
concepts,

A fluid amplifier is a high-energy stream of fluid modulated by a lower
energy stream. It is an amplifier in the same sense that a cathode ray tube
is an amplifier; i. e,, a high-~energy stream of electrons is modulated by a
lower powered electrostatic field near the base of the tube. For this analogy,
the fluid amplifiers are often called beam-deflection-type amplifiers. There
are other types of fluid amplifiers which do not use the beam deflection prin-

ciple, but they are not appropriate to this discussion of temperature sensing
techniques.



Proportional Amplifier

A basic member of the fluid amplifier family is the two-dimensional pro-
portional fluid amplifier. As the name implies, it proportionately divides
the inlet flow between two outlets depending upon control port (CL and CR)

pressure,

Differential pressure applied by the control
ports to the power stream produces a curvature
in the stream such that it divides upon a down- CL CR
stream splitter in proportion to the applied dif-
ferential pressure. In the amplifier at right,

the left control port has the greater pressure,

-’

therefore curving the power stream so that the A B

major proportion exits from leg B.

Fluid Oscillator

An oscillator may be constructed by taking
some of the output flow of an amplifier and
returning it to the control ports., At left some
of the flow from leg A is being diverted to
control port CL which will force the fluid jet
out leg B. Once the flow is established in leg
B, part of it will be diverted to control port
CR to return the jet to the original position

and the cycle will start over again.

As the fluid jet in an oscillator moves back and forth it generates acous-
tic signals in the output legs. These acoustic signals may be propagated
through the return lines to the jet. Proper design will cause these acoustic
signals to switch the jet rather than the fluid flow. The frequency of oscilla-
tion then is a function of the propagation path length and the acoustic velocity.

5



Fluid Temperature Sensing

Recent advances in fluid technology have shown new ways to use fluid
devices to compute and to sense. In particular, a fluid oscillator, similar
in principle to the one described in the foregoing paragraphs, exhibits the

ability to sense the temperature of the operating gas.

The oscillator consists of a submerged fluid jet which is forced to oscil-
late back and forth by an acoustically propagated pressure front generated
within the device. The acoustic velocity of the pressure front and its path
length determine the cycle time and thus the oscillation frequency of the sen-
sor., For a given geometry sensor operating with adequate flow, the acoustic
path length remains constant and therefore the output frequency is a function
of the acoustic velocity only. This may be expressed for steady-state condi-
tions as f =k VRT' where k is an instrument calibration constant, yis the
ratio of specific heats of the operating gas (C /C = 1.4 for air), R is the gas
constant (1716 ft /sec °R for air} and T is the absolute temperature of the
sensor cavities and quite close to inlet stagnation temperature because of the

low fluid velocities in the cavity.

The temperature-sensitive oscillator has a unique capability in the field
of high-temperature fluid measurements in that its range of temperature
application is a function only of the material used in its fabrication and
whether the sensor is cooled. See COOLED SENSOR CONCEPT section.
Moreover, the material utilized does not, for the most part, affect operation
of the oscillator; hence, structural integrity is the only criterion in its selec-
tion,

COOLED SENSOR CONCEPT

As it becomes necessary to measure higher and higher gas temperatures,
the requirement for a sensor material becomes more severe and the selection



more limited. Ceramic materials are candidates for applications involving
slow temperature changes where thermal shock is not a problem. The re-
fractory metals are capable of being exposed to very high temperatures in

nonoxidizing atmospheres only.

In cases where a temperature or transducer probe measurement is
desired in air above 3500°R, heat and oxidation problems are critical unless
probe cooling is provided. In the case of the thermocouple, cooling reduces
the junction temperature and produces an incorrect reading. This can be
corrected only with a rather complex set of heat balance equations which must
take into account conductive effects (from the cooling medium) as well as

radiation and convective effects.

These corrections are additionally difficult to compute because the tem-
perature of the body to which radiation occurs is not known and fluid density
variations (with altitude and temperature) make the input heat rate difficult to
determine. For this reason, thermocouple techniques usually rely upon large
massive junctions, which slowly ablate away for protection from the extreme
heat. These devices have inherently poor time response.

An advantage of the cooled fluid temperature sensor is that the body tem-
perature may be kept to a reasonable value while the working gas temperature
remains high, The fluidic temperature sensor measures the temperature of
the fluid sample by the velocity of an acoustic propagation within the sensor
passages. If the sensor is externally cooled, the fluid sample will be cooled
by the cooler sensor walls. However, no external radiation effects are
present, and the acoustically-measured temperature may be related to the
inlet fluid temperature by an analytical function containing the sensor body
temperature, Body temperature is, of course, easy to measure with thermo-

couple techniques because it is relatively cool.

To a first-order approximation we assume the sensor to be similar to an

open pipe for heat transfer considerations (Figure 1),
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Now if the inlet and exit pressures remain relatively constant, then the
Nusselt number,

N = hL _ E(R_, P_, M), k, is thermal conductivity,

u kT e T T

will remain constant and the heat transfer coefficient, h, will be a constant.
We then may write a simple heat balance:

Zme (Ti-TC)=Q=hA(TC—Tb)
To= | PA V(T -T 4T
i omC c b c

p

The steady-state frequency output of the fluid temperature sensor may be
related to the absolute temperature of the gas in the cavity by the relation
f=k ‘}/RTC ., as previously stated. When used as a-temperature sensor, it

is of more value to express an inverse function where the measured tempera-
ture is the dependent variable, such as

k£
T o= —
c YR



Let

then

Ty = -kpTy + (1 *ky) (

%

—1
YR

The absolute temperature of the inlet fluid to the temperature sensor may then

be expressed as:

n
fkl

YR

Ti = (1 +k2)

- k,T

2°b

The concept of cooling the sensor requires that top and bottom manifolds

be placed on the basic sensor

in the sensor body (Figure 2).

ENTIRE ASSEMBLY MAY BE
DIFFUSION BAMDED TOGETHER

10

configuration and coolant passages be provided

The measurement of sensor body temperatures

SENSED
FLUID 1N

TRANSDUCER
; T0 MEASURE
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TEMPERATURE
SENSOR
cooLInG
FLUID IN
» THERMOCOUPLE
yd TO MEASURE BODY
COOLING BOTTOM MANIFOLD SENSED FLUD OUT  |EMPERATURE
FLUID OUT SENSED
FLUID OUT
VIEWA - A
‘Figure 2. Sensor Cooling Configuration



may be obtained at some convenient place with a common thermocouple,
Because temperature of the body is measured and corrected for, no control
is necessary for the cooling fluid other than to provide a supply sufficient to

avoid melting the sensor.

The mechanics of the flow and acoustic wave propagation within a cooled
oscillator temperature sensor are shown in Figure 3. Because the oscillator
body is cooler than the cavity gas, the gas near the wall is cooled by the wall,
resulting in boundary layer flow with a steep temperature gradient. In actual
sensor operation, the flow leaving the oscillator cavity comes from the
boundary layer. This cooled gas is continually dumped, thereby insulating
the hotter cavity gas which supports the acoustic wave propagation. It is
important to point out that the time required for the acoustic reflection to
traverse the boundary layer is very small. Therefore, the lower temperature

of the boundary layer gas has little effect on the acoustic wave velocity.

INLET CONDITIONS

The primary goal of the contract was to develop a sensor which would be
capable of accurately measuring free-stream total temperature over a flight
envelope which is characteristic of vehicles in the X-15 aircraft class. As
indicated on the altitude-velocity profile envelope, Figure 4, temperatures
range to about 5300°R,

From Figure 4 and with the aid of Reference 1 a range of pitot pressures
(sensor inlet total pressure) was determined. Refer to Figure 5. The values
varied from about 2.5 psia occurring at 120, 000 feet to about 31 psia at
85, 000 feet.

The calculated pressures assume no aircraft shock wave effects. If at

supersonic speeds the X-15 airplane is completely within the Mach cone

generated at the nose of the aircraft, any total pressure or total temperature

10
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sensing instrument on the surface of the aircraft would have to be calibrated
and corrected for Mach number, altitude and fuselage location. Once these
corrections are applied, the instrument can be used to accurately sense stag-

nation temperatures during free flight.

Typical profile time histories for total temperature and total pressure

are shown in Figures 6 and 7.

~SENSOR OPERATION

The temperature probes developed on NASA Contract NAS4-1211, shown
in Figure 8, will accurately measure free-stream total temperature on a
vehicle in the X-15 class. The sensor will function reliably in environments
which are normally encountered by high-performance iaerospace vehicles
which operate inside the atmosphere. Specifically, the sensor is capablé of
measuring total temperature over a range 500°R to 5000°R with an accuracy
of better than +2 percent of reading. The sensor will produce a readable sig-

nal at inlet pressures ranging from 0. 5 psia to 30 psia.

The temperature probe designed to meet these requirements is based on
a fluidic temperature sensing concept. The sensor which samples the free-
stream air consists of a fluid oscillator that generates an oscillating pressure
wave within itself. The frequency of the oscillation is a function of the acous-
tical velocity of the pressure wave and therefore a function of the fluid tem-

perature.

The fluidic oscillator assembly developed for the X-15 temperature
probe measures about 1.4 in. wide by 0. 4 in. high by 2.5 in. deep. This
oscillator assembly is supported (welded) atop a pylon which can be easily
held in a mounting fixture. The oscillator assembly and pylon are shown
schematically in Figure 9.

14
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The upper section of the pylon which is exposed to the free-stream is

formed to a slightly blunted wedge to reduce aerodynamic drag.

Two small pressure transducers are mounted within the oscillator
assembly (see Figure 9). The transducers provide a voltage output propor-
tional to the applied oscillating pressure wave, The transducer signals (180
degrees out of phase) are amplified and combined in a push-pull circuit (see
PROBE SYSTEM section of this report). The frequency signal may be used
with the frequency-to-dc-voltage converters supplied with the sensors,

Air, continually being passed through the fluidic temperature sensor,
enters through the small orifice shown on Figure 9. The air is exhausted in-

to the low-pressure base region of the oscillator assembly.

Heat is transferred from the hot air to the sensor body at a rate which
requires cooling of the body. Nitrogen gas coolant is‘ducted into the bottom
of the pylon, passed up the leading edge of the pylon, through the oscillator
assembly, and dumped overboard out the top of the oscillator assembly (see
Figure 9). The nitrogen coolant never interfaces or mixes with the sampled
free-stream air. The amount of sensor cooling necessary during flight con-
ditions is discussed in the PROBE SYSTEM section of this report.

The air temperature inside the oscillator is also decreased as the body
is cooled. Because cooler gas will oscillate at a lower frequency, an error
in the frequency is introduced as the result of cooling. This error is a func-
tion of the body temperature and can therefore be corrected for through the
measurement of body temperature. This is accomplished with a small
chromel-alumel thermocouple placed at the rear of the oscillator cavity wall

as shown in Figure 9.

The readout consists, then, of the body temperature and oscillation fre-
quency. In addition, a total inlet pressure must be known to define inlet tem-
perature from the calibration data included in a later section of this report.
This requires that a pitot probe be placed alongside the fluidic temperature

sensor during the X-15 flight.
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The time response of the cooled fluidic temperature sensor is dependent
on the purging time of the fluid within the sensor cavity. The purge time is
of the order of 10 milliseconds. The exact time depends on the velocity of

the gas through the oscillator.

The time for the sensor body to respond to a step change in inlet tem-
perature for the cooled sensor is of no concern because the body temperature
is read out continually. For the case of a noncooled sensor where body tem-
perature is not measured, a second time-response term must be considered
which is largely a function of sensor mass and the gas flow rate through the

sensor.

SENSOR DESIGN

The fluidic temperature sensor assembly and detailed drawings are
listed below.

Drawing Title Honeywell Drawing Number
Bottom Plate SK 53899
End Plate SK 53900
Top Plate SK 53901
Block SK 53903
Schematic SK 53905
Layout Probe SK 53906

Before final hardware was fabricated, a prototype probe was built and
tested. A description of the tests is included in a later section, TEMPERA-
TURE TESTS AND CALIBRATION, Independent studies were conducted to

provide the basis for the prototype design. These studies were:

20



@ Probe Size Determination
e Rounded Splitter
& Sensor Flow

® Preliminary Temperature Tests

Probe Size Determination

The size of the fluidic temperature probe (see Figure 9) was governed by
three factors:

e Oscillator size -- An oscillator cavity size was selected to
permit mounting the probe on the X-15 aircraft. The probe

is light (about 1 pound without mounting fixture) and small

enough to not create a significant amount of aerodynamic
drag. A drag coefficient versus Mach number curve for the
oscillator assembly alone is shown in Figure 10, Under
maximum dynamic pressure conditions, this body will cause
a drag of about 10 pounds.

N
?.

% 3 4 5 & 7 8
FREE-STREAM MACH NUMBER, M

TOTAL DRAG COEFFICIENT, Cp
ot

o

Figure 10. Drag Coefficient versus Mach Number
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The oscillator was chosen large enough to generate a
sufficiently strong pressure signal to be detected by the
KISTLER pressure transducer even at the lower inlet pres-

sures.

The oscillator and its associated coolant ducts, signal
transmission line and orifices are of a size to permit fabri-

cation on standard machines.
The oscillator is a desirable size because it operates
at frequencies which can be tolerated with no discomfort

when not wearing ear protectors during laboratory checks.

® Transducer size -- The pressure transducer (KISTLER

Model 601R) was selected because of its miniature size,
desired frequency response, and its operating pressure

range and upper temperature limit (1500°R).

® Transducer location -- It was decided to mount the KISTLER

pressure transducer nearly directly behind the oscillator to
minimize signal attenuation and eliminate signal distortion
and harmonics which are sometimes present when the signal
transmission line must deviate from a straight-line path,

Rounded Splitter
A heat transfer study was conducted to determine minimum internal
dimensions of the cooled sensor. Special importance was given to the cooling

chamber wall thicknesses and the splitter radius. A sharp splitter could not

be used because it would burn away, and the sensor performance would change.

22



Figure 11 shows the results of a digital computer study of the tempera-
ture distribution throughout a splitter configuration. This distribution is
created by the offsetting effects of the hot inlet air and the nitrogen coolant
gas. The air is shown impacting, then flowing around the splitter. Nitrogen
coolant is forced up through the 0, 009-inch diameter hole on the centerline
and along the back edges of the splitter.

The lines drawn on the splitter are lines of constant (Tb - TNi)/(Ti -T. )

for inlet temperatures in the 4000-5000°R range. Other gas parameters aré\Il
indicated on the drawing. Many combinations of parameters and splitter con-
figurations were run on the computer. The configuration of Figure 11 was
chosen for the final design because its temperature distribution is such that
the splitter would never melt down even under the most extreme inlet condi-

tions.

Because a fairly sharp splitter had been used in previous fluidic tempera-
ture sensor designs, the effects of the rounded splitter on sensor performance
were investigated in the laboratory. An experimental model (number 1) was
fabricated. Internal geometry dimensions are classified ''Confidential" with
a ""need to know'' obtainable from the Aero Propulsion Laboratory at Wright-
Patterson Air Force Base and are not given here so that this work may re-

main unclassified.

The model was tested to determine signal quality and performance at low
inlet pressures. The results of the investigation showed that the rounded

splitter sensor performed as well as a sharp splitter configuration.

Sensor Flow

This method of temperature measurement, involving an oscillation of
the internal fluid, requires that a fluid jet be provided within the sensor,
This, therefore, necessitates a pressure differential across the sensor.

The sensor is designed such that a choked-flow condition exists at the sensor

exit orifice, Fluids in motion (as in the case of a hypersonic wind tunnel or
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hypersonic aircraft) provide an adequate pressure drop for the sensor by
exhausting into the base region of the sensor where a low static pressure
exists., As shown in Figure 12, a pressure ratio across a typicél sensor
configuration necessary for choked flow occurs at free-stream Mach numbers

of about 1. 5 and above,
100

P,

i
M Pg
FL ;“—" SENSOR

-
2 BOW SHOCK|

[
(=]

|

BASE PRESSURE - INLET PRESSURE RATIO, Pp/P,
o
=

0.01 \X

0.001

0.1 1.0 10.0 "100
FREE STREAM MACH NUMBER, M_

Figure 12, Base Pressure-Inlet Pressure Ratio versus Free-
Stream Mach Number

The ratio PB/Pi presented as a function of M _ in Figure 12 was deter-
mined from base pressure coefficients for blunted cones from Reference 2

with the aid of Reference 1. The base pressure coefficient is defined:

. - Py - P,
Pn Y 2
B <P M
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This mode of operation (exhausting into the base region of the sensor) was
utilized for one of the high-temperature probes developed for NASA-Ames
hypersonic wind tunnels under Contract NAS7-412. This work is reported in
Reference 3. It was this particular probe which later flew on the X-15 air-
craft (see TESTS ON THE X-15 HYPERSONIC AIRCRAFT section of this
report).

The manner in which the flow is ducted from the sensor cavity to the
base region is an important consideration from the design and fabrication
standpoint. A much simpler design results if the flow leaves at the rear of
the cavity and makes no turns in reaching the base region. This point was
realized in earlier probe development, Reference 3. At that time a 360-
degree swirl configuration was conceived which satisfied the "in-line'" flow
design. A swirl model {(model number 2) was built on Contract NAS4-1211,
Preliminary testing showed that this model configuration had a good quality

signal and oscillated on very low pressure differentials.

A model (number 3) of a conventional geometry with exit orifices located
near the rear of the cavity was also investigated. Feasibility tests showed
that this model configuration produced a fine signal and oscillated well at the
low inlet pressures (down to 0.5 psia). Because more basic knowledge
existed'on the conventional geometry, it was selected for the final design

over the swirl configuration.

The size of the exit orifices dictates the oscillation frequency dependence
on inlet pressure. This is shown by the set of curves of Figure 13 ~- data
taken at a constant temperature of 512°R (52°F) on model number 3. As seen
from the curve for the 0. 076-inch diameter exit orifice size, the frequency
is nearly independent of inlet pressure from 35 psia down to about 2 psia.

At about 0. 5 psia the inlet pressure {(and therefore cavity pressure) is re-
duced to a point where the transducer sensitivity is not sufficient to detect
the signal. The sensor, however, may continue to oscillate. The frequency-
pressure curves can be extended to lower pressures with the aid of a more

sensitive detector and more noise-free amplification. Eventually, as inlet
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pressure decreases, the low-density flow doesn't provide enough momentum

in the fluid jet to maintain an oscillation.

During the frequency dependence tests the air supplied to the experimental
sensor and the sensor body temperature were held constant at 512°R (52°F'),
This was done by placing the sensor within a temperature controlled environ-
mental chamber shown in Figure 14, The cylindrical shaped styrofoam con-
tainer held two coiled aluminum tubes which carried air to the sensor and the
chamber, respectively. The container was filled with ice and water to regu-

late the temperature of the air.

Sensor flow and, therefore, sensor performance is also affected by the
inlet orifice size. A higher inlet orifice is desirable because it minimizes
the cooling effect of the top and bottom cover plates on the cavity gas. (Keep
in mind that the sensor cavity flow is two-dimensional.) The ratio of the
thickness of the temperature boundary layer on a cover plate to the cavity
fluid height should be kept as small as possible With\out making the overall

oscillator height too great for an aircraft probe application.

Preliminary Temperature Tests

A cooled experimental model (number 4) shown in Figure 15 was fabri-
cated and tested at inlet temperatures ranging from room temperature to
2160°R. Model number 4 was a diffusion bonded (see FABRICATION section
for details on diffusion bonding) assembly. The inlet gas port and coolant

ports are shown in Figure 15.

The model was mounted on a temperature box for the tests. The box
contained an electrically heated coil of stainless steel tubing. Air was sup-
plied to one end of the coil, and the sensor inlet port was connected to the

coil outlet,
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Figure 15. Experimental Cooled Sensor, Model Number Four
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Temperature was measured at four places with 0. 010-inch-diameter
chromel alumel thermocouples. One thermocouple was placed near the inlet,
one in the sensor cavity, and two in the body -- just behind the splitter and in
the side.

Inlet pressure and coolant flow rate were varied to obtain a wide range of
test conditions. The body was cooled to any desired temperature by increas-
ing the coolant mass flow. The signal was read out with the pressure trans-

ducer shown in Figure 15,

The experiment proved two points., First, the diffusion bonded assembly
can withstand the high thermal gradients created by the hot working gas and
cooling gas. There was no evidence of the sensor leaking or coming apart.
Second, the experiment proved that it is possible to cool the sensor body to a
temperature well below the temperature of the working gas. For an inlet tem-
perature of about 2050°R, it was possible to cool the body to as low as 800°R.,

MATERIAL SELECTION

The environmental conditions to which the temperature sensor is sub-
jected dictated the careful consideration given to the material chosen for use
in the construction of the probes. Of the important material characteristics,
the primary limiting factor is the ability to withstand high-velocity streams

of oxidizing gas (air) at high temperature without major oxidation and erosion.

Table 1 shows several materials considered for the cooled sensor, Each
candidate material was evaluated from its melt temperature, scaling tempera-
ture, coefficient of expansion, machinability and strength at temperature.

The information of Table 1 was largely taken from References 4 and 5.
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Table 1. Material Characteristics

Material Temperature| Temperature Coefficient of Machinability Tensile Strength
Melt Range Scale Thermal Expansion Index at 1300°R
32-1200°R
(°R) (°R) (in/in/°R x 1075) (psi)

S.S. 304 3000/3100 2100 10.4 55 37,500
S.8. 309 3000/3100 2450 10. 0 50 45, 000
S. 8. 416 3150/3250 1700 6.5 80 13,500
S.S. 431 3050/3150 2050 7.5 -- 14, 000
S. 8. 446 3050/3150 2450 6.4 40 17, 000
Hasteloy X 2800 2650 8.3 Very Low ---

Inc. 702 3050 2650 8.5 15 ---

Stainless steel 446 has the best overall characteristics for the cooled

sensor application.

reasons.:

32

It was selected for the probe material for the following

It is machinable,

It has a high scaling temperature (2450°R), and a high melting
point range (3050-3150°R).

It has a low coefficient of thermal expansion.

This is desirable

because of the high thermal gradients which exist within a

cooled sensor.

It can be welded.

It is capable of being diffusion bonded. The bond parameters,

2350°R at 200 psi at three hours results in a bond which has

only about 0.5 percent deformation and a shear strength of

about 90 percent of the pure material,

Shear strength is im-

portant because of the high thermal gradients which exist

within a cooled sensor.




e It is magnetic and can, therefore, be held down easily during
surface grinding -- a necessary step before diffusion bonding,

FABRICATION

For satisfactory operation, the temperature sensor must be an air-tight
assembly and be capable of withstanding a large number of heat cycles to high
temperatures without warping or leaking, These requirements imposed strin-

gent fabrication techniques on sensor design.

The diffusion bond means of joining the sensor components was selected.
The diffusion bond process proved to be very acceptable in fabricating the
NASA -Ames hypersonic wind tunnel fluidic temperature sensors, Reference 3.
The process, developed during the Ames program, produces a structurally
sound and sealed assembly with very little deformation. Further explanation

of the diffusion bonding technique can be found in Reference 3.

Before any experimental cooled sensors were fabricated, it was decided
to experimentally determine the bond shear strength at a few stainless steel
materials. Samples of S. S. 416, S.S. 431, and S.S. 446 were joined under
different diffusion bond conditions. See Table 2. The samples were then
sheared at the bond plane using a specially designed fixture, Figures 16 and
17, which held the samples in a tensile testing machine., A sheared sample
is shown next to the fixture in Figure 17, The samples were pins of 0. 1-inch

diameter about 0. 4 inch long.

As noted in Table 2, the results showed that the shear strength of the
bond to be within 87 percent of the pure material for all combinations of the
parameters investigated. The bond strength increased slightly with bond

time and also with bond pressure.

33



T able 2.

Diffusion Bond Test Results

Average Shearing ’Length
Material Bon(cli)SPi;*essure Bon(c;llr'.glme Unit Stress (psi) Deformation
Pure Material| Bond (percent)
416 400 3 115,500 101, 000 1.0
400 6 115,500 106, 000 2.0
431 400 3 118, 000 121, 500 3.0
200 3 118, 000 120, 500 6.8
446 200 3 82, 000 72,500 0.6

Note: All bonding was accomplished at 2350°R.

The length deformation, greater for S.S. 431, showed to be a direct
function of bond time and bond pressure. This deformation is simply defined
as the shrinkage of the sample due to the load.

Once the final three oscillator assemblies were bonded together, they

were welded to the pylons with a tungsten-arc process.
PROBE SYSTEM

A photograph of an assembled and a disassembled probe is presented in
Figure 18. The probe is designed for mounting in a fixture which in turn is
attached to the aircraft. The probe can be held satisfactorily with set screws

against the lower portion of the pylon.

The two exit flow orifices noted on the picture lead to the sensor cavity.
In leaving the probe, the gas passes through the center block and exhausts into
the base region of the probe through the end plate which is held airtight to
the probe with the safety wire screws.
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Figure 17. Shear Specimen Fixture, Disassembled
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Figure 18.
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The sensor must be disassembled to install the pressure transducers.
The transducer cables are inserted up through the rear hole in the pylon,
through the center block and into the oscillator assembly. See Figure 18. It
is important that the transducers are fully seated in their chambers for opti-
mum signal quality.

The pressure transducer cables were specially fabricated from thermo-
couple wire (type K with a 0. 030 O. D. inconel sheath over M 0 insulation).
Like the transducers, the cables can withstand expected temperatures of up
to 1500°R. Electrical continuity checks of the cables should be made prior
to the flight. Replacement of cables is discussed in the contract Operating
Instruction Manual, Honeywell Document 12080-OIM-1.

Coolant System

Heat is transferred from the hot air to the sensor body at a rate which
requires cooling of the body. Nitrogen gas coolant is ducted into the bottom
of the pylon, passed up the leading edge of the pylon (through a hole fashioned
by an EDM process), through the oscillator assembly, and dumped overboard

out the exit slots located on the top of the probe (see Figure 18).

A schematic of a simple coolant system is shown in Figure 19. A pres-
sure regulator followed by a choked orifice will establish a constant flow rate
from the pressurized nitrogen gas bottle. The regulator can be set prior to
the flight.

The amount of sensor cooling necessary during flight conditions depends
on the free-stream Mach number, stagnation pressure and aircraft total
temperature-time history. Because these flight parameters are approxi-
mately known prior to the flight, the maximum required coolant flow rate can
be estimated from data taken in the Honeywell laboratory during calibration

of the probes.
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Figure 19. Schematic of Coolant System

This data is presented in Figures 20 through 23. For example, if the
maximum expected inlet temperature is 4000°R at about 4. 5 psia, and the
desired body temperature is 1300°R, the coolant flow rate must be regulated
for 2. 0 scfm. The required rate would be less if the inlet total pressure was

lower,

Readout Electronics

The temperature sensor makes free-stream total temperature measure-
ments on aerospace vehicles and transforms these measurements into elec-
trical signals. The electrical signals monotonically increase with increasing
total temperature.

Two KISTLER pressure transducers (see Appendix B for specifications)
are used to detect the fluidic oscillator signal. The transducer puts out a
voltage which is proportional to the applied alternating pressure. The trans-
ducers are arranged to operate in push-pull, with either transducer capable
of independent operation should the other fail.

The signal is transmitted from the transducer to the electronic readout

circuit via a specially designed cable (described eariler).
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The electronic circuit, shown schematically in Figure 24 amplifies and
conditions the transducer signals for a frequency-to-dc-voltage converter.
Any d-c pressure changes which might be detected by the transducers are
cancelled out thus eliminating the d-c effects in the output. Output voltage of

the circuit is shown versus the input signal frequency in Figure 25,

A photograph of three electronic packages delivered to NASA is included
as Figure 26. The packages were designed and built to withstand the environ-
mental conditions experienced by the X-15 aircraft. Package tests for these
conditions are discussed in the ENVIRONMENTAL REQUIREMENTS section of
this report. Military specification MIL-E-5400, "Electronic Packaging of
Airborne Equipment'" was used as a reference in assembling the electronic
components. A description and specifications of the components are included
in Appendix B. In addition to the listed specifications, the individual compo-

nents also meet the environmental requirements.

A sketch showing the outside dimensions of the aluminum package is
shown in Figure 27. The eight screws which fasten down the cover plate to the
plate may be wired for safety. The electronic processing equipment meets
the following requirements:

e Input power: 115 vac +5 vac, 400 Hz +20 Hz

® Qutput: Full-scale output of 0 to +5 vde

@ Grounding: Separate ground return wires are provided for the

power input and for the signal output. The electronics case

shall not be used as a common ground.

® Polarity reversal: Inadvertent reversal of input power shall not

damage the instrument or cause a change in the performance.

® Shorting: Shorting the output signal shall not damage the instru-

ment or cause a change in the performance.

41



JINOJ1) JNOPEDY OTUOJIIORH U} JO DIJRWSYDIS §¢ aandr g

7

Vi

annoym
s e
- g Nid
1100T 47001 AST —
- ) L Alddns ZH Q0Y
3 Nid® {—it NS0 190%
L AGT+o—4 —o ¥ Nid
[2] )
100
A
NT xomm
Wiyl
M0
AN—
9¢81 AT
90TVNY
AAN— —
AT ) oo}

WNS'T

#200°0

o
NI

42



OUTPUT VOLTAGE (VOLTS PEAK TO PEAK)

T 7 r
INPUT SIGNAL = 100 MICROVOLTS PEAK
TO PEAK

10 20 30 40 50
FREQUENCY (KHz/SEC)

Figure 25. Output Voltage versus Frequency

Figure 26.

R
e

Three Electronic Readout Fackages
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Figure 27. Electronic Package Sketch

TEMPERATURE TESTS AND CALIBRATION

This section includes a description of the temperature test facilities and
the calibration data obtained on the delivered probes.

Low-Temperature Tests

Low-temperature data (up to 1660°R) was obtained on the prototype probe
with a temperature box which enclosed an electrically heated coil of stainless
steel tubing. Nitrogen gas was supplied to one end of the coil, and the probe
was mounted at the other end as shown in Figure 28. The gas was heated to

desired temperatures as it passes through the coil.
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The gas pressure within the coil was regulated with a vacuum pump,
which pulled gas through the sensor, and a valve in the gas line which fed the
coil. The equipment used to monitor the sensor performance during the tests

is shown in Figure 29.

The sensor was instrumented with 0. 010-inch-diameter chromel-alumel

thermocouples which measured the following temperatures:

e Inlet gas
® Cavity gas
e Sensor body

e Pressure transducer
A parametric study was conducted to obtain data on the following variables:

° Inlet temperature (1060°R and 1660°R)
e Inlet pressure (1.5 psia to 24. 0 psia)

e Oscillation frequency

e Body temperature which varied with coolant rate (Nitrogen)
The data from the low-temperature tesis is presented later along with
the high-temperature data and is also tabulated in Appendix A,
High-Temperature Test Facility
All of the high-temperature (2260°R and above) data was obtained in the
STOKES resistance furnace located at the Honeywell Corporate Research

Center located in Hopkins, Minnesota.

The STOKES furnace, pictured in Figures 30 and 31, consists of a large

cylindrical chamber which contains a heating element -- usually carbon
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Figure 30.

STOKES Resistance Furnace - Outside View

Figure 31.

STOKES Resistance Furnace - Inside

View
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material. The element is supported between two copper electrodes or leads
which are connected to a transformer and 50-kw commercial power supply.

Electrical power (IzR) is dissipated within the element.

Because the carbon element will burn in air, the large furnace chamber
is evacuated before the power is turned on. The vacuum system which is
capable to less than 1 micron consists of a large roughing pump and a diffu-
sion pump. The chamber was backfilled with nitrogen to the desired pres-
sure up to one atmosphere. It is this pressure that is equivalent to sensor

inlet total pressure.

A schematic drawing of the high-temperature calibration setup in the
STOKES furnace is shown in Figure 32. The inlet portion or snout of the
fluidic temperature sensor was inserted into the carbon element as shown in
Figure 33. The sensor was held rigid with respect to the element with a
fixture. The distance that the probe was inserted into the carbon hot-zone
established a temperature profile from the leading e\dge back along the oscil-

lator assembly.

Gas was pulled through the sensor to make it oscillate. (See SENSOR
OPERATION section for a schematic of the sensor showing the hot working
gas path.) The gas was heated up as it passed from the large chamber into
the carbon hot-zone through about 200 small holes. The same vacuum pump
that was used to pull down the furnace chamber was used to drive the oscil-
lator. The gas was cooled before it entered the vacuum pump by coiling the
gas line in a water tank.

When the sensor was mounted in the carbon element, it didn't make con-
tact with the carbon, thus preventing heat conduction from the carbon to the
sensor. The gap between the sensor and the carbon was sealed with an in-
sulating material to prevent gas from entering through the gap. Two materials
have been used satisfactorily to form this seal -- a matted quartz fiber and a
refractory fiber felt formed from alumina-silica-chromia fibers having a

melting point over 3500°R.
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The carbon elements used for fluidic temperature sensor tests were easily
machined from solid stock. The cross sections of the elements vary from
plain cylinders (like the one pictured in Figure 31) to more complicated con-
figurations like that pictured in Figure 33. In designing the element cross
sections, a tradeoff existed between structural strength and electrical resis-
tance. A low cross sectional area is desirable because it offers more resis-
tance and, therefore, may be heated to higher temperatures. The cross-
sectional areas were kept small to minimize heat conduction from the carbon

to the water-cooled copper jackets which held the ends of the element.
All thermocouples and pressure transducer elecirical cables were taken
outside the furnace chamber through an access plate which was sealed to the

chamber wall by an 'O! -ring.

Thermocouple. - The element was fabricated with provisions for holding

a thermocouple which was used to measure the hot-zone gas temperature.
See Figure 32. Because the thermocouple ball was completely surrounded by
hot carbon walls which were very nearly the same temperature as the gas
(verified with an optical pyrometer), there were no significant thermocouple

radiation errors.

A tungsten -- 5 percent rhenium versus tungsten -- 26 percent rhenium
thermocouple was used with success. The millivolt versus temperature curve
for this thermocouple is shown in Figure 34. The curve slope is fairly con-
stant over the thermocouple measuring range of 0 to 4500°R. There are indi-
cations in the literature that a dinitride is formed with tungsten at a tempera-
ture of about 4660°R and that moist nitrogen may attack rhenium above a

temperature of about 4000°R. Dry nitrogen was used for all tests.

Another limiting factor in thermocouple temperature measuring capa-
bility was the insulator used with the thermocouple. Beryllium oxide insula-
tion loses its insulating properties to a point where the emf indication of the

thermocouple is seriously affected at temperatures above 4460°R.
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Pyrometer. - Another hole was fashioned in the carbon element for
viewing the hot zone with an optical pyrometer. See Figure 32. A piece of
glass laid over the top of the hole prevented cold gas from entering the hot
zone via this hole. A pyrometer was used to measure the sensor body tem-
perature and the carbon temperature. Because the gas velocity was low inside
the hot zone, the carbon was very nearly the same temperature as the gas.
This has been proven with many comparisons between the pyrometer and
thermocouple measurements. All comparisons have been within 2, 0 percent,
and the majority within 1. 0 percent. The pyrometer readings serve as backup
data for the thermocouple. This double reading immediately indicated whether

the thermocouple was operating satisfactorily.

All pyrometer measurements were corrected for material emissivity and

lens error.
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High-Temperature Tests

When testing and calibrating the fluidic temperature probes, it is, of
course, desirable to match the operating or flight environmental conditions
in the laboratory (see INLET CONDITIONS section for these conditions).
Although it is not possible to simulate the complete flow field which would
exist around the probe, it was possible to match some inlet gas pressures

and temperatures.

It was also possible in the laboratory to establish body temperature pro-
files (from the leading edge back along the oscillator assembly) which approxi-
mate the proviles that would occur during actual flight.

The actual temperature profile on the sensor during flight conditions
depends on the free-stream Mach number, stagna‘gion pressure, the aircraft
total temperature-time history. Temperature profiles for a similar problem
have been determined analytically. This analysis, for the radiation shroud
used on the NASA-Ames fluidic temperature sensors, is discussed in
Reference 3. Using the information from Reference 3 and X-15 flight perfor-

mance data, typical temperature profiles can be roughly determined as shown

in Figure 35.

During the laboratory tests, similar profiles were established by varying

the distance that the probes were inserted into the carbon element hot-zone.

Honeywell tested and evaluated the final sensors to demonstrate that all
requirements specified in Contract NAS4-1211 were met. Prior to testing,
all sensors were identical in mechanical design, were in operational form and

contained all modifications deemed necessary to meet the specified require-

ments.

Testing was performed in accordance with the Contract Test Plan, Honey-
well Document 12080-TP1. The environmental evaluation is described in the
ENVIRONMENTAL TEST section of this report. The temperature testing

portion of the Test Plan is presented here.
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All three probes delivered were tested in the STOKES resistance furnace
in a nitrogen atmosphere. One of the probes was tested at room temperature
only. All the readings taken for all three probes agreed. One probe was sub-
jected to 105 percent of stated range or 4200°R. Testing consisted of duplica-
ting within +2 percent of reading several test points on-one of the three (3)

probes delivered.

A fourth probe, not delivered (the prototype) was tested through twenty
(20) temperature cycles from about 3000°R to 4100°R. The inlet temperature
was held constant for 60 seconds at 4100°R for each cycle. The prototype
probe was also subjected to 4400°R inlet temperature without damage to the

probe.

Calibration data were taken with a tungsten ~- 5 percent rhenium versus
tungsten -- 26 percent rhenium thermocouple. An optical pyrometer was
used to make :approximate temperature readings to hack up the thermocouple
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data. The thermocouple failed during a few of the very high temperature tests.
The failure was caused by the melting of the beryllium oxide insulator and
subsequent shorting of the thermocouple wires. At the higher inlet tempera-
tures the carbon element sublimed slowly, and carbon built up in the probe

inlet orifice. The orifice was checked and cleaned prior to each run.

The calibration data are presented in Figures 36 through 39, each figure
representing data at a different inlet total pressure. The calibration data is

tabulated in Appendix A.

The calibration data in Figures 36 through 39 have been cross plotted to
form calibration curves shown in corresponding Figures 40 through 43. The
calibration figures show inlet temperature plotted against oscillation frequency
for three body temperature values -- 1000°R, 1100°R and 1300°R.

The temperature probes were tested and calibrated in nitrogen gas. All
of the plots presented here are for air. The oscillation frequency data was

corrected to air by the following analysis:

The basic equation which describes the fluidic oscillator may be written

The expression for air is

£ = V’yARATc

A S

and for nitrogen
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The frequency in air will now be solved as a function of the frequency in
nitrogen. The oscillator path length, A, and the cavity temperature are the
same for both air and nitrogen. Also

R ’ V24
Ry, = =— and R,,. =
A m Ni my
where
mA = 28, 966 ‘and m.. = 28. 016

Ni

As seen in Reference 6, the universal gas constant,Z , varies negligibly

with temperature at the pressures involved. Therefore,

5

- 0.
£y = 0.9834 fi0. (¥, /7y

The ratio of specific heats for both air and nitrogen vary as a function of
temperature and pressure. In correcting the data, the values for YA and yNi

were taken from Reference 7, Tables of Thermal Properties of Gases.

Additional data for the probes is shown in Figure 44. Sensor oscillation
frequency versus inlet total pressure is presented for several cavity tempera-
ture values. The frequency dependence on inlet total pressure at room tem-
perature was discussed previously in the SENSOR DESIGN section.

As seen from Figure 44, this independence is also exhibited at high tem-
perature for inlet total pressures ranging from 2. 0 psia to 35. 0 psia.

Figure 45 is a log-log cross-plot of the data on Figure 44 showing linear
relationships beétween frequency and cavity temperature for the inlet total.
pressure independent range. Corresponding equations of frequency as a func-

tion of cavity temperature and vice versa are noted in the figure.
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A quick check on sensor performance can be made at room temperature.
The oscillation frequency should read about 6400 Hz at 535°R (75°F). The
check must be made with a vacuum pump which is large enough to produce a
flow through the .probe such that the exit orifices are choked., At about 535°R
and 1 atmopshere inlet pressure, the sensor choked flow rate is about 2.5
scfm,
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ENVIRONMENTAL REQUIREMENTS

The fluidic temperature sensor is designed for compatibility with the air-
borne environment of X-15 type aerospace vehicles in accordance with the
environmental conditions listed below. The conditions apply to the probe and
the electronics, converter excepted.

e Temperature:

Probe ~- 395°R (-65°F) to the environmental temperature
resulting from a total temperature of 5000°R.

Remote signal conditioning -~ 395° to 660°R (-65° to 200°F).

° Ambient Pressure: Sea level to 150, 000 feet altitude,

e Vibration: 0,06 inch double amplitude from 5 to 55 Hz,
+10 g from 55 to 2000 Hz, each axis.

e  Static Acceleration: +10 g in each axis

e Shock: 50 g for 11x1 millisecond along each axis,.

e Radio Interference: The transducer will meet design require-
ments of Section 3.3 of MIL-I-6181D dated November 25, 1959
with Notice 3 dated June 22, 1965, which ensures that the instru-

ment will neither be affected by nor generate radio frequency

interference.

One probe and one electronics package were tested at Honeywell under all
of the stated conditions accerding to the contract Test Plan, Honeywell Docu-
ment 12080-TP1. The Honeywell evaluation laboratories have the general cap-
ability of conforming to and meeting the Military Standard Environmental Test
Methods for Aerospace and Ground Equipment, MIL-STD-810 (USAF).
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The probe was used to provide a signal to the electronics package during
actual testing for all the conditions except static acceleration and shock. Per-

formance checks were made before and after these tests.

The performance of the probe and electronics package was not significantly
changed during any of the environmental testing. During the vibration tests,
the signal was briefly disturbed as the vibration frequency passed through 1800
Hz., It is felt that 1800 Hz is a resonance point and is of no concern because

the sensor signal was very evident and countable at all times.

TESTS ON THE X-15 AIRCRAFT

On 3 October 1967 the X~15 hypersonic aircraft was flown to a new world
speed record for winged aircraft of 4534 miles per hour, A Honeywell Inc.
developed fluidic temperature sensor, mounted on the X-15 vertical stabilizer
during the flight, successfully measured free-stream total temperatures up
to about 3300°R. A description of the instrument installation and performance

is included in Reference 8. '

The sensor that flew with the X-15 had been developed for a similar tem-
perature measuring application for NASA-Ames Research Center hypersonic
wind-tunnels. This work was accomplished on NASA Contract NAS7-412,
"Study of All-Fluid High Temperature Sensing Probes, " the results of which

are reported in Reference 3.

A photograph of the miniature probe is shown in Figure 46.

CONCLUSIONS

This document reports the accomplishments of a one-year applied re-
search and development effort conducted by Honeywell Inc., Systems and
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Figure 46,

B e

Hypersonic Wind Tunnel Fluidic Temperature Probe
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Research Center, under NASA Contract NAS4-1211, "High Total Temperature
Sensing Probe for the X-15 Hypersonic Aircraft,"

The objective of the program was to develop the cooled fluidic oscillator
temperature sensor concept into working hardware of a size and design which
would be compatible with mounting and operation on high performance aircraft
of the X~15 type. The sensor in the form of a probe measures free-stream

total temperature.

The probe utilizes the velocity of propagation of an acoustic signal in a
.cavity to cause oscillatory pressure fluctuations which are related in frequency
to the temperature of the operating gas. This frequency, along with the sensor
body temperature and local pitot pressure define the probe inlet total tem-
perature, Work accomplished under this contract extended the fluidic temper-
ature sensing technology to accurately measure stagnation temperature up to
5000°R. )

Specific areas of accomplishment were:

@ Temperature probes were develped which may be operated
over a large range of temperature {500°R to 5000°R) and pres-
sure (0.5 psia to 30 psia).

e A cooled fluidic temperature sensor concept was applied to the
probe development,

‘® The probe and associated electronic readout equipment were
designed to meet the rigid environmental conditions encountered
by high-performance aircraft of the X-15 type.

@ The probes were tested and calibrated in the laboratory under

simulated flight conditions for inlet temperature and pressure
and for typical body temperature profiles.
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® The probe was mechanically designed to be compatible with
mounting and operation on the X~ 15 aircraft,

Three stainless steel 446 probes were designed, fabricated, calibrated
and delivered to NASA-Flight Research Center along with three sets of
associated electronic readout equipment.
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APPENDIX A
HIGH- AND LOW-TEMPERATURE DATA

This appendix contains tabulated data obtained during the temperature
tests described in the body of the report (Temperature Tests and Calibration

section),

High-temperature data is contained in Table Al and low-temperature data
in Table A2,
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APPENDIX B
ELECTRONIC COMPONENT SPECIFICATIONS

PRESSURE TRANSDUCER
KISTLER Model 601R

Pressure range

Resolution

Maximum pressure

Sensitivity (nominal)

Resonant frequency (mounted)(nominal)
Rise time

Linearity

Capacitance (nominal)

Insulation resistance (minimum)
Acceleration sensitivity

Temperature sensitivity

Temperature range

Intermittent gas temperature on diaphragm
Shock and vibration

Cable connector

Mounting thread with connector adaptor
Sensing element

Case material: body; diaphragm

Size.

Weight (approximate)

10 to 3000 psi

0.1 psi

5000 psi

1 picocoulomb/psi
130, 000 Hz

3 microseconds

1 percent

5 picofarads

1014 ohms

0.01 psi/g

0. 01 percent /°R
0 to 1500°R

> 3500°R

15,000 g's
Kistler 4mm

7x 0, 75mm
crystalline quartz
430F SS; 316 SS
0.25 x 0, 6 inch
0.08 oz., 2.25 gm
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DUAL REGULATED MODULAR POWER SUPPLY

BURR~-BROWN Model 501

Supply voltage
Supply frequency
Supply drain

Output voltage
Voltage accuracy
Rated output current
Short circuit current
Output noise

Module size

Module weight

105 to 125 v rms

50 to 420 Hz

10 volt-amperes

+15 vdc

*1 percent

0 to +100

+250 ma

0.6 ma

3.4x2,9x%x 1,9 inches
2,5 pounds, nominal

OPERATIONAL AMPLIFIER
ANALOG DEVICES Model 183C

Open loop gain, dc rated load, min.
Rated output, voltage, min.

Rated output, current, min,
Frequency response, unity gains
Input impedance, differential

Input voltage range, common mode voltage, min.

Temperature range

Size, overall

B2

2 x lO5 vdc

+10 v

5 ma

0.5 MHz

2 m ohms

10 v

385 to 645°R

1.5x 0,6 x 1.5 inches



FREQUENCY-TO-VOLTAGE CONVERTER

Input frequency (independent of waveform)

Input voltage
Input resistancw

Output wave form
Output impedance
Response time
Linearity

Drift

Temperature coefficient
Temperature

Line voltage stability

Power
Connector supplied

Dimensions

MATRIX 1210 Series

0-100 KHz, for full scale output
+1 volt p-p, to 240 volts p-p
100, 000 ohms

Positive pulse with amplitude of
10 volts, width approx. one-half
period of full scale frequency

5, 000 ohms

One period of the operating fre-
quency

+0. 1% of full scale from best
zero-based straight line

+0. 07%of full scale for 24 hours
after 1-hour warm up

+0, 01%per degree R (492 to -
582°R)

Operating 492 to 582°R, storage
330 to 628°R

+1. 0% of full scale for + 10%
line change

+ 24 vdc at 30 ma

10-pin P.C. ~type

2 1/2 in, high, 2 1/4 in. wide,
3/4 in. thick
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